The spectroscopy and photodissociation dynamics of the vinoxy ͑CH 2 CHO͒ radical B( 2 AЉ) ←X( 2 AЉ) transition have been investigated by fast beam photofragment translational spectroscopy. We show conclusively that excitation to the B state is followed by predissociation, even for the origin transition. Two photodissociation channels are observed: ͑1͒ CH 3 ϩCO, and ͑2͒ HϩCH 2 CO, with a branching ratio of Ϸ1:4. The form of the translational energy distributions imply a significant exit barrier to formation of CH 3 ϩCO, and a considerably smaller barrier for HϩCH 2 CO formation. Dissociation ultimately proceeds by internal conversion to the ground electronic state; the internal conversion rate appears to be significantly enhanced by a curve crossing with either the Ã( 2 AЈ) or C( 2 AЈ) states. Ab initio calculations of critical points on the global potential energy surfaces aid in determining the dissociation mechanism. We present a simple model for dissociation over a barrier, the statistical adiabatic impulsive model, which satisfactorily reproduces the translational energy distributions.
I. INTRODUCTION
Molecular photodissociation is an important field of chemical physics as it offers a well-defined way of probing the forces acting between atoms and molecules in chemical reactions. 1 The dynamics of a dissociating molecule depend intimately on the shape of the potential energy surface of the system. Measurement of product state distributions can provide direct information on important features of this surface, and this prospect has motivated development of an impressive array of experimental techniques aimed at extracting such distributions. 2 While most experiments of this type have been performed on stable, closed-shell molecules, there is much to gain from the study of free radical systems using photodissociation. There are two qualitative differences between closed-shell and open-shell systems that should directly influence their photodissociation dynamics. First, the unpaired electron͑s͒ of free radicals gives rise to more lowlying electronic states ͑р5 eV͒ than are typically found in stable molecules. Second, closed shell systems generally dissociate to give two radical fragments. In contrast, open-shell molecules can often dissociate to a radical and a closed-shell fragment, making this bond breaking process only mildly endothermic or even exothermic.
Experimental studies of free radical photodissociation are relatively uncommon, primarily because it is difficult to create sufficiently intense, contaminant-free sources of free radicals. To overcome this limitation, we have devised a general technique for the production of well-characterized radical samples using photodetachment of negative ion precursors. In this paper we report photodissociation spectroscopy and dynamics of the vinoxy radical, CH 2 CHO. The vinoxy radical plays a key role combustion chemistry, specifically in the reactions of oxygen atoms with olefins.
3 CH 2 CHO is a primary product of the reactions O( 3 P)ϩC 2 H 4 , 4 O( 3 P) ϩC 2 H 3 , 5 OHϩC 2 H 2 , 6 and OHϩC 2 H 4 O. 7 These reactions, and the CH 2 CHO intermediate, are generally important since ethylene and acetylene are commonly present in combustion of larger aliphatic 8 and aromatic 9 compounds. It is therefore of considerable interest to understand the spectroscopy and dynamics of this species. This study of CH 2 CHO is part of a systematic effort in our laboratory to determine how the dissociation dynamics of ''simple'' alkoxy radicals depend on the nature of the carbon bonding in the radical. The results presented here show that the dissociation dynamics of CH 2 CHO, the smallest alkenoxy radical, are quite different from those of the smallest alkanoxy and alkynoxy radicals, CH 3 O 10 and HCCO. 11 The vinoxy radical has been the subject of several spectroscopic [12] [13] [14] [15] [16] [17] [18] [19] and electronic structure [20] [21] [22] [23] [24] investigations. The first spectroscopic detection of CH 2 CHO, discrete bands with a probable origin at 28 780 cm , was reported by Ramsay 12 in 1965. In 1981, Hunziker 13 et al. reported two absorption bands of CH 2 CHO: one band in the infrared originating at 8004 cm
Ϫ1
, and a second in the ultraviolet, with its origin at 28 750 cm
. Electronic state assignments for these bands were aided by ab initio molecular orbital calculations by Dupuis et al. , 21 who predicted an ir transition, Ã( 2 AЈ) ←X( 2 AЉ), at 6900 cm tron on the oxygen either in-plane or out-of-plane, respectively. Lineberger and co-workers 19 established the electron affinity of CH 2 CHO as 1.824 eV from negative ion photoelectron spectroscopy of CH 2 CHO Ϫ . Inoue and Akimoto 14 observed laser induced fluorescence ͑LIF͒ and dispersed fluorescence spectra of the B←X band. They assigned the vibrational modes of the radical using a triatomic model in which the three modes are the CO stretch, the CC stretch, and the CCO bend. The first experimental information on the structure of CH 2 CHO was given by DiMauro, Heaven, and Miller 15 from rotationally resolved LIF spectra of the B( 2 AЉ)←X( 2 AЉ) transition in a supersonic jet. Based on the relative intensities of the a-type vs b-type rotational transitions ͑10:1͒ it was found that the transition dipole for the B←X transition points essentially along the CCO backbone. Their LIF spectrum refined the values of the three vibrational fundamentals in the B state that were seen in Ref. 14 as 1 ͑CO stretch͒ϭ917 cm
, 2 ͑CC stretch͒ϭ1122 cm
, and 3 ͑CCO bend͒ϭ450 cm
. The microwave spectra of CH 2 CHO and CD 2 CDO due to Endo et al. 16 yielded a more definitive determination of the ground state geometry that was in good agreement with the calculation of Dupuis. 21 Later ab initio calculations by Yamaguchi et al. 23 showed that the triatomic vibrational model used by Inoue and DiMauro was insufficient to describe the vibrational structure of vinoxy. Yamaguchi adopted a new numbering of the modes ͑which is used in this paper͒ based on all 12 vibrational degrees of freedom and reassigned the character of the 917 cm Ϫ1 fundamental as 8 ͑CC stretch͒, and the 1122 cm Ϫ1 fundamental as 7 ͑CH 2 rock͒. Our interest in the vinoxy system was stimulated by the considerable differences between the laser-induced fluorescence and absorption spectra. The published LIF spectra 14, 15 show no fluorescence above 30 200 cm Ϫ1 ͑i.e., only 1400 cm Ϫ1 above the B state origin͒, while the absorption spectrum 13 extends to 35 700 cm
, peaking at Ϸ32 500 cm
. The sharply truncated LIF spectrum implies that the excited state is depleted by a fast nonradiative process. The presence of such a process is confirmed by hole-burning spectroscopy on jet-cooled vinoxy, in which Gejo et al. 17 measured fluorescence depletion from 30 300-33 900 cm Ϫ1 , finding sharp vibronic absorptions in this region where fluorescence is quenched.
Three nonradiative processes could be responsible for fluorescence quenching: direct predissociation via a repulsive state, intersystem crossing ͑ISC͒ to a quartet state, and internal conversion ͑IC͒ to the ground electronic state. The latter two processes can also lead to photodissociation. There is relatively little experimental and theoretical information on the dynamics following excitation of the B state. Yamaguchi recently reported calculations 24 on CH 2 CHO that explored the energy dependence of the X, Ã, B, and C ( 2 AЈ) states on the C-C torsional coordinate, finding that torsional motion may couple the B state with the Ã, and/or C states. Jacox found evidence for production of CH 3 ϩCO following uv irradiation of CH 2 CHO in an Ar matrix, 25 but with a threshold near 34 500 cm
, much higher than the fluorescence cutoff energy. Previous attempts to observe photodissociation products in the gas phase using LIF have been unsuccessful. 17, 18 Our experiment directly detects the presence of photodissociation, and identifies and characterizes the photodissociation products. We can therefore readily determine if dissociation occurs following excitation of the B state and learn about the detailed mechanism. There are several product channels which are thermodynamically feasible following uv excitation of vinoxy: ͑3.56рhр4.13 eV͒. Channels 3, 4, and 5 are not observed in this study. Our results indicate that excitation of the B state is followed by internal conversion, eventually populating the X state, which then dissociates via Channels 1 and 2. The experimental apparatus and data collection methods for the present experiments are summarized in Sec. II. In Sec. III we present the photofragment yield spectrum, translational energy, and angular distribution data for CH 2 CHO and CD 2 CDO, in addition to ab initio molecular orbital calculations on this system. Section IV covers the analysis of the experimental data. Progressions in eight of the twelve vibrational modes are assigned with the aid of ab initio frequencies. The data analysis for Channel 2 is also presented, and we obtain the branching ratio between the two observed channels. In Sec. V, the overall dissociation mechanism is discussed. For CH 3 ϩCO, the translational energy distributions are compared with a hybrid statistical/impulsive dissociation model. RRKM rates for the two observed channels are calculated and compared with the experimental branching ratio. Finally, the mechanism of internal conversion from the B state is discussed. A preliminary account of these experiments has been published previously.
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II. EXPERIMENT
A. The fast radical beam translational spectrometer
It is generally difficult to produce a well-characterized source of free radicals using traditional molecular beam sources due to the high reactivity of open-shell species. Our experimental approach takes advantage of this instability by recognizing that most free radicals have positive electron affinities and form stable negative ion analogues. Any contaminant ions present can be separated by mass spectrometry, after which the desired neutral free radicals are generated by laser photodetachment of the corresponding mass-selected anion. The packet of neutral radicals produced in the detachment step is then dissociated with a second laser, giving the overall scheme
The apparatus constructed in our laboratory, the Fast Radical Beam Photofragment Translational Spectrometer, has been described previously in detail, [29] [30] [31] and only a brief description will be given here. The apparatus is divided into two distinct regions, as shown in Fig. 1 . In the first section, a clean source of free radicals is generated from a negative ion precursor. The anion precursor, CH 2 CHO Ϫ , is formed in a 60-100 Hz repetition rate pulsed supersonic expansion of 1 Torr of acetaldehyde ͑Ϫ78°C͒ seeded in 3 atm of O 2 . Acetaldehyde-d 4 is the precursor of CD 2 CDO Ϫ . A pulsed electric discharge 32 creates ions in the high pressure region before the expansion, allowing the ions to cool in the jet to rotational temperatures of typically 35-50 K. Molecular oxygen was used as a backing gas because it sustains a steady glow discharge at lower voltages than helium, neon, or argon, thereby keeping vibrational excitation of the anions to a minimum. The ions pass through a 3 mm skimmer, are accelerated to 8000 eV laboratory energy, and are mass selected using the Bakker time-of-flight method, 33 which imparts negligible energy spread to the ion beam. As the various ions separate according to their m/e ratio, a 25 ns light pulse from an excimer-pumped dye laser is fired at the appropriate time to photodetach only CH 2 CHO Ϫ . The detachment wavelength ͑663 nm for CH 2 CHO Ϫ and 667 nm for CD 2 CDO Ϫ ͒ is only slightly above threshold, 19 producing radicals in their ground vibrational state. All remaining ions are deflected from the beam leaving an internally cold, high velocity beam of vinoxy radicals.
In the second section of the apparatus, after a final 1 mm collimation, the vinoxy radicals are dissociated by a frequency-doubled excimer-pumped pulsed dye laser operating between 300-350 nm, with a bandwidth of 0.3 cm
Ϫ1
. Neutral photofragments recoiling out of the parent radical beam are detected directly, without ionization, using one of two microchannel plate ͑MCP͒ detectors. The time-of-flight ͑TOF͒ and time-and position-sensitive ͑TPS͒ detectors ͑de-scribed below͒ are located on the radical beam axis 68 and 100 cm downstream from the dissociation laser port, respectively. An aluminum strip is placed across the center of each detector to prevent undissociated parent radicals from striking the MCPs. The fragments are detected with high efficiency ͑typically 50%͒ due to their high laboratory kinetic energy. However, the MCPs are considerably less sensitive to very light fragments, such as H or D atoms, because these fragments are formed with low laboratory kinetic energies.
B. Data collection and modes of operation
Three types of experiments are performed to characterize the photodissociation of CH 2 CHO. First, the energy of the photodissociation laser is scanned and the total flux of fragments is detected giving a photofragment yield ͑PFY͒ spectrum. It should be emphasized that signal is observed only if the radical dissociates. This experiment uses the TOF detector which can be lowered into the beam on a manipulator arm. The TOF detector has a 3 mm beam block and a simple metal anode which collects the total charge from the MCPs. The fragment signal is normalized to dissociation laser power, and also to the yield of electrons from the photodetachment of CH 2 CHO Ϫ , correcting for any variations in the radical production scheme. For vinoxy, a laser step size of 0.009 nm is used, corresponding to a step size in energy of 0.8 to 1.0 cm
Ϫ1
. The data are calibrated at many different frequencies throughout the scanned range against the absorption spectrum of I 2 , 34 with an absolute accuracy of 1 cm Ϫ1 or better.
In the second type of experiment, the dissociation laser is tuned to a specific photon energy of interest, and the dynamics of the dissociation process are studied. In this case, both fragments from a single parent radical are detected in coincidence using the TPS detector, 29, 35 this is based on the detection scheme developed by de Bruijn and Los. 36 In this detector an 8 mm wide beam block is placed in front of a stack of three 46 mm diameter optical quality MCPs. The two electron clouds produced from the impact of the two fragments contain both spatial and temporal information describing where and when the fragments collided with the first MCP. The electron clouds are collected using a wedge and strip anode. 37, 38 The spatial resolution ͑in the plane of the detector͒ is 100 m while the relative timing resolution between the two fragment arrivals ͑perpendicular to the plane of the detector͒ is 500 ps.
From the timing and position information, we obtain the masses of the fragments, their relative translational energy E T , and the polar angle between their relative velocity vector and the electric vector of the polarized dissociation laser ͑parallel to the ion beam axis͒
͑9͒
Here, r 1 and r 2 are the distances from the center of the radical beam to each fragment on the detector face, Rϭr 1 ϩr 2 is the distance between the photofragments, and (ϭt 1 Ϫt 2 ) is the difference in the arrival times of the fragments. M , m 1 , and m 2 , are the masses of the parent and fragments respectively, 0 and E 0 are the laboratory velocity and energy of the parent radical, and L is the distance between the dissociation laser and the detector face. Although the relative recoil Rϭr 1 ϩr 2 of the fragments is determined with high precision (R/⌬RϷ100) in the coincidence measurement, the individual recoils r 1 and r 2 are less precisely known, resulting in a fragment mass resolution m/⌬mϷ15. Translational energy resolution of ⌬E T /E T ϭ0.6% has been demonstrated under ideal conditions, 35 although in these experiments the resolution is somewhat coarser, typically ⌬E T /E T ϭ2.2%. The finite geometric acceptance of the detector is corrected by dividing the raw data by a detector acceptance function, 29 which gives the probability of observing a coincidence even at each combination of E T and .
Due to the geometry of the detector, the coincidence detection scheme is only practical when the mass ratio of the fragments m 1 /m 2 р5. For mass ratios larger than 5, there is very little probability of detecting both particles in coincidence; if the heavy fragment has enough energy to clear the beam block in front of the MCPs, the light fragment recoils past the edge of the detector. Channels 2 and 3 fall into this category where the mass disparity is too large for the coincidence experiment.
In order to detect Channels 2 and 3, a third type of experiment is performed that is sensitive to product channels even if m 1 /m 2 Ͼ5. This is a less detailed, noncoincidence experiment 31 in which the flight time of the fragments from the dissociation laser to the TOF detector is recorded using a transient digitizer with 1 ns bin width. The narrow beam block, ͑3 mm͒ on this detector allows improved collection of heavy fragments compared to the TPS detector described above. The resulting TOF distributions are a onedimensional projection of the photofragment velocity distribution in the laboratory frame along the beam axis. These results are more averaged than the P(E T ,) distributions obtained with the TPS detector, but in return are sensitive to all product channels because two-particle coincidence detection is not required. This method is particularly useful for detecting light atom fragments such as H or D atoms, because these will have a much larger spread in arrival times at the detector and should thus be readily distinguishable from the heavier fragments. Pairs of TOF distributions are acquired at each photon energy with the dissociation laser polarized either parallel or perpendicular to the radical beam axis. The analysis of these data is discussed in Sec. IV.
III. RESULTS
Our results from the three types of experiments are given in this section, followed by a description of the electronic structure calculations on the vinoxy system. Before presenting spectra of the vinoxy radical, we point out that the anion we photodetach at m/e 43 is in fact CH 2 CHO Ϫ , and not the isomer CH 3 CO Ϫ . While the two species are indistinguishable in the parent ion mass spectrum, they have very different photodetachment spectra. CH 2 CHO Ϫ , the more stable ion of the two, has an electron affinity ͑EA͒ of 1.824 eV, 19 while CH 3 CO Ϫ has an EA of 0.423 eV. 39 The photoelectron spectrum of m/e 43 ions measured on a different apparatus in our laboratory ͑using the identical ion source as in the photodissociation study͒ is in quantitative agreement with the literature spectrum of CH 2 CHO Ϫ . 19 Therefore, we are confident that all photodissociation spectra reported here arise unambiguously from the CH 2 CHO radical. Our photoelectron spectrum shows a small amount of vibrationally excited radicals produced from photodetachment of vibrationally excited anions, but their concentration is too low to substantially affect the results presented here.
A. Photofragment yield spectra
The PFY spectra obtained from excitation of the . The published LIF spectra 14, 15 of CH 2 CHO show features up to 1400 cm Ϫ1 above the 0 0 0 transition. All these fluorescent levels are observed in our PFY spectra, indicating a competition between fluorescence and predissociation. The origin transition is the strongest line in the LIF spectrum, 15 but very weak in the PFY spectrum, indicating that the quantum yield for dissociation ͑⌽ diss ͒ of 0 0 0 is small. Nonetheless, measurable dissociation occurs across the entire band, including the origin. The intensities in the PFY spectrum rapidly increase as the photon energy is raised, even though the Franck-Condon factors for absorption increase only slightly, indicating a steep rise in ⌽ diss . Above 1400 cm Ϫ1 of excess energy, where the LIF signal is strongly quenched, we expect that ⌽ diss Х1, and our overall intensities are in accord with low-resolution absorption 13 and high resolution holeburning 17 data. Each vibrational transition in Fig. 2 is in fact composed of many rovibronic transitions. The sharp spike that dominates each vibrational transition represents a bandhead in the R branch of the rotational contour, as first analyzed by DiMauro et al. 15 However, due to the higher rotational temperature in our supersonic expansion ͑Ϸ30-50 K͒ and limited laser resolution, it is not possible to discern whether lifetime broadening occurs in the PFY spectra above 1400 cm . The values for excess energy in the B state given in Table II are calculated under the assumption that the first peak observed by Inoue is the 0 0 0 transition of CD 2 CDO. In the PFY spectrum of CD 2 CDO in Fig. 2͑c͒ , the lowest transitions show no detectable signs of predissociation, and the shape of the overall spectrum, punctuated by the strong feature near 30 000 cm
Ϫ1
, is quite different from the CH 2 CHO data. A gradual increase in the intensity of unstructured signal with photon energy is present in the spectra of both isotopes, but is much more pronounced for CD 2 CDO. The unstructured component is not present in background scans taken with the photodissociation laser blocked, demonstrating that this broad signal is due to photofragments of the parent radical. 
B. Coincidence photofragment distributions: CH 3 ؉CO
Using the TPS detector, we perform coincidence measurements to probe for dissociation via Channels 1, 4, and 5. For this set of experiments, the photodissociation laser is fixed on one of the peaks marked in Fig. 2 and both fragments are detected in coincidence. The photofragment mass spectrum is easily found by conservation of linear momentum in the center of mass frame according to Eq. ͑7͒, and is presented in Fig. 3 for both CH 2 CHO and CD 2 CDO. Despite the limited fragment mass resolution of m/⌬mϷ15, the use of both isotopes of vinoxy demonstrates that the heavy fragment contains no hydrogen atoms. Therefore, the only product channel observed in coincidence is Channel 1, CH 3 ϩCO. We see no evidence for production of C 2 H 2 ϩOH or CH 2 ϩHCO. The results for Channel 2, HϩCH 2 CO, will be discussed in Sec. III C.
Once the identity of the fragments are known, the coupled translational energy and angular distribution, P(E T ,), is determined by direct inversion of the data using Eqs. ͑8͒ and ͑9͒ along with the calculated detector acceptance function. 29 The two dimensional P(E T ,) distribution can be separated into an angle-independent translational energy distribution P(E T ), and an energy-dependent anisotropy parameter, 20 that describes the angular distribution of the fragments
The limiting cases of sin 2 and cos 2 angular distributions are given by ␤ϭϪ1 and ϩ2, respectively. Together, the P(E T ) and ␤(E T ) distributions can yield detailed information on the dynamics of the dissociation process.
In analyzing the current experiment, E T is binned in 30 meV increments, while is binned in 1°increments. The general data analysis scheme remains the same as in previous papers, with the exception of one refinement in the analysis of the angular distributions that yields more smoothly varying functions of the anisotropy parameter ␤ with E T . The data are divided into translational energy windows of width 0.4 eV, where EЈ is a running parameter such that EЈрE T р(EЈϩ0.4 eV͒. ␤ is assumed to be constant over this 0.4 eV window and is determined from a linear least squares fit of the distribution P(E T ,) to Eq. ͑10͒ with P(E T ) and ␤ as the fitting parameters. The quantity EЈ is then incremented in 30 meV steps beginning with EЈϭ0 and the fitting procedure is repeated until the entire energy range of the data is covered. In other words, ␤(E T ) is constructed as a moving average over 0.4 eV windows in E T . Using these values of ␤(E T ), a second linear least squares fit in the single parameter P(E T ) is determined for each individual 30 meV wide energy bin, completing the separation of P(E T ,) into two one dimensional distributions, i.e., P(E T ) and ␤(E T ).
The resulting P(E T ) and ␤(E T ) distributions for photodissociation of vinoxy yielding CH 3 ϩCO and CD 3 ϩCO are shown in Figs. 4 and 5, respectively, for the vibrational levels noted in Fig. 2 . Each data set consists of 10 000 to 40 000 coincident events. The translational energy distributions are similar at all photon energies for both isomers, peaking at Ϸ0.9 eV. Both the width of the distributions and the most probable translational energy increase slightly as the photon FIG. 3 . Photofragment mass spectrum of CH 2 CHO and CD 2 CDO. Note that the higher mass peak (mϭ28) does not shift upon deuteration and must be assigned to CO. The cofragments are CH 3 and CD 3 , respectively.
FIG. 4. Photofragment translational energy distributions P(E T
and angular distributions ␤(E T ) for CH 3 ϩCO. Statistical error bars on ␤(E T ) represent Ϯ1. Vibronic assignments are given in addition to the excess energy for each transition when possible.
energy is increased, but the changes are minor. The angular distributions are isotropic ͑␤Х0͒ at the lowest three photon energies. However, anisotropic distributions with ␤(E T )Ͼ0 are observed at all energies 1408 cm Ϫ1 and higher above the B state origin. This apparently abrupt change coincides with the large drop in fluorescence quantum yield, and indicates that the dissociation rate increases markedly between 917 and 1408 cm Ϫ1 excess energy.
C. Noncoincidence photofragment distributions
To determine whether the B state of vinoxy also decays through Channels ͑2͒ and ͑3͒, noncoincident TOF distributions for CD 2 CDO dissociation are obtained using the third type of experimental configuration described in Sec. II B. The data are shown as circles in Fig. 6 , and Fig. 7 shows one of these spectra in greater detail. The four photon energies chosen correspond to the four coincidence spectra in Fig. 5 . TOF distributions are presented only for CD 2 CDO, because the detection efficiency of the MCPs for D atoms is substantially greater than for H atoms due to the higher laboratory kinetic energy of the heavier isotope. Even for D atoms, the detection efficiency appears to be Ϸ8% ͑see Sec. IV B͒ of that for heavy fragments such as CD 3 or CO.
The appearance of all the TOF spectra is roughly the same. Each consists of a sharp spike superimposed on a broader peak that is about 100 ns wide. There is also a very broad, weak feature from 3.5 to 3.9 s, better seen at 20ϫ magnification, which has a FWHM of Ϸ10 times that of the sharp spike. The sharp spike is only slightly broader than the TOF distribution of the undissociated parent radicals ͓mea-sured by moving the TOF detector off-center by several mm; see Fig. 6͑f͔͒ , implying that these fragments have very little velocity imparted to them by the dissociation process. The broad, weak feature arises from fragments which are significantly forward/backward scattered by the dissociation event. It is therefore a reasonable conclusion that these two features represent the heavy and light fragments, respectively, of a dissociation channel whose mass ratio is at least 10:1. The analysis in Sec. IV B shows that these two features are from the DϩCD 2 CO channel, and that the 100 ns wide peak under the spike is from the CD 3 ϩCO channel.
D. Ab initio electronic structure calculations
To supplement the experimental data and aid in interpreting our results, we have performed ab initio molecular orbital calculations using the GAUSSIAN 92 41 and GAUSSIAN 94 42 suite of programs. Our main goal is to characterize stationary points on both ground and excited state potential energy surfaces. The calculated energies, structures, and vibrational frequencies at various minima and transition states are very useful in assigning the PFY spectra in Fig. 2 and understanding the photodissociation dynamics of the system. The absolute and relative energetics of the various minima, transition states, and asymptotic states relevant to the vinoxy system are shown in Fig. 8 and tabulated in Table III, while  geometries and vibrational frequencies are listed in Tables  IV and V . Figure 8 is a schematic representation of the surfaces involved in this system, sections of which have been previously investigated by Donaldson et al. 5 and Deshmukh et al. 43 The zero of energy is chosen to be the zero-point level of the CH 2 CHO X( 2 AЉ) potential well. The only experimentally determined barrier height is that for dissociation of acetyl ͑CH 3 CO͒ to CH 3 ϩCO, ͑TS3͒, found to be 0.75 Ϯ0.02 eV. 44, 45 This agrees well with our calculated barrier height 0.44ϩ0.31ϭ0.75 eV, with respect to the CH 3 CO well.
We have used the G2 46 and G2Q 47 methodologies for the ground state surface. These methods have been compared extensively with experimental thermodynamic values and give accurate ͑Ϯ0.1 eV͒ estimations of dissociation energies. Because the single determinant wave functions in the G2 treatment do not work well for excited states, we have also performed multiconfigurational complete active space self consistent field ͑CASSCF͒ calculations 48 for the X, Ã, and B electronic states of vinoxy with the 6-31G** basis set. Building on earlier work, 21, 23, 24 we choose an active space which consists of three electrons in the three aЉ orbitals ͓CAS͑3,3͔͒ for the X and B states, while for the Ã state the aЉ lone pair on oxygen is excluded and the singly occupied aЈ orbital on oxygen is included in the active space. The agreement with earlier calculations 21, 23, 24 is very good with respect to energies, geometries, and frequencies. We refine the CASSCF energetics using single point CASSCF-MP2 49 to include dynamic electron correlation.
The direct bond cleavage CH 2 CHO→H( 2 S)ϩCH 2 CO requires a CASSCF wave function to properly describe the spin coupling, since the ground state of vinoxy in C s symmetry correlates with CH 2 CO ã ( 3 AЉ), while the Ã state of vinoxy correlates with CH 2 CO X( 1 A 1 ). For dissociation along the reaction coordinate leading to triplet ketene, five electrons are distributed among five orbitals ͓CAS͑5,5͔͒, which are chosen to be the C-H a bond (10aЈ), the C-O bond (1aЉ), the unpaired electron on the methylene C (2aЉ), the C-O * orbital (3aЉ), and the C-H a * orbital (11aЈ). This active space contains the most important configurations needed to describe the breaking of the C-H a bond along with the resonance character of the CCO backbone as described by Dupuis et al. 21 The C-H a cleavage of CH 2 CHO Ã( 2 AЈ) to singlet ketene is investigated by a similar extension of the active space. Again, the energetics are refined using CASSCF-MP2.
A comparison of calculated and experimental excited state energies in Table III shows that the CASSCF-MP2 treatment gives a fairly good description of the vinoxy energetics. However, Table V shows that the CASSCF vibrational frequencies are systematically too high compared to experiment, and that the calculated C-C and C-O bond lengths for the X( 2 AЉ) state differ considerably from the experimental values. A CASSCF calculation of the geometry by Yamaguchi 24 using a larger ͑DZP͒ basis set yields results similar to ours, indicating that the good agreement found by Dupuis 21 between the experimental and ab initio geometry of the X( 2 AЉ) state ͑using a smaller 3-21G basis͒ was probably fortuitous. The disagreement arises mainly because CASSCF neglects dynamic electron correlation. To obtain a benchmark for the CASSCF error in the excited state geometries and frequencies, we have performed a QCISD 50 /6-31G** geometry optimization and frequency calculation on CH 2 CHO X( 2 AЉ). From this comparison we have an estimate of the error in the calculated CASSCF vibrational frequencies for the B state, which cannot be calculated using QCISD.
The results given in Table V demonstrate that the bond lengths are in better agreement with the microwave values than previous multiconfigurational studies. The agreement is not yet quantitative, as the QCISD C-C bond length is 0.026 Å longer and C-O bond length 0.020 Å shorter than experiment, respectively. Compared to the CASSCF frequencies, the QCISD frequencies are consistently lower for the 9 aЈ modes and roughly equal for the 3 aЉ modes, and are therefore in improved agreement with experimental values from dispersed fluorescence. 15 The systematic lowering of frequencies and improved geometry is evidence that QCISD more accurately describes the electronic structure of CH 2 CHO X( 2 AЉ). Presumably, basis set extension for QCISD would further improve the comparison of theory to experiment. The comparison between QCISD and CASSCF for the ground state suggests that the CASSCF frequencies for the B state are also too high. This will be useful in interpreting the photofragment yield spectrum in Sec. IV A.
IV. ANALYSIS
In this section we analyze the vibrational structure in the CH 2 CHO photofragment yield spectrum and present Monte Carlo simulations of noncoincident photofragment TOF distributions.
A. Photofragment yield spectrum
The vinoxy radical has 12 vibrational modes which have been assigned principal characters by Yamaguchi 23 as given in Table V : 3 out-of-plane aЉ modes, 6 in-plane aЈ modes involving the heavy atoms, and 3 high frequency aЈ modes which are primarily hydrogen stretches. The large number of totally symmetric modes makes the assignment of the vibrational structure in the PFY spectrum nontrivial. We follow a systematic procedure, simulating the spectrum with the aid of ab initio frequencies. Starting with the lowest peaks in the spectrum of Fig. 2͑b͒ , the fundamental vibrations are assigned to a mode, the spectrum is simulated using approximate Franck-Condon factors ͑FCF͒ from Yamaguchi, 23 the vibrational constants are refined, and certain peaks at higher energy in the experimental spectrum are assigned as combination bands. Higher frequency vibrational modes are then added, one by one, and the process is repeated until the majority of the peaks in the spectrum are predicted by the simulation.
The simulated CH 2 CHO spectrum is shown in Fig. 2͑a͒ , the peak assignments are listed in Table I , and the frequencies for the B state obtained from our analysis are listed in Table V . Since the intensities in the simulation mimic the FCFs for absorption, the predicted intensity for several of the lowest energy transitions is too great. The photodissociation yield ⌽ diss for these transitions is small, so they are not as intense in the PFY spectrum as in the absorption and LIF spectra. In the region where no fluorescence is observed, the absorption and photofragment yield intensities should be identical, since essentially all the excited molecules dissociate rather than fluoresce.
Using this iterative method we assign progressions in all six of the heavy atom aЈ modes, 4 -9 , and 2 of the aЉ modes, 10 and 11 . The vinoxy radical is planar in both the X and B states, 15 so that ͑in the absence of vibronic coupling͒, excitations in nontotally symmetric aЉ vibrations are allowed only for ⌬ϭ0,Ϯ2,Ϯ4,... . Due to the large change in ab initio frequencies of the aЉ modes between the X and B states, it is not surprising that these modes are active. Our vibrational assignments agree with those of Gejo et al. 17 except for their assignment of 6 ϭ1406 cm Ϫ1 and 5 ϭ1433 cm
Ϫ1
, which contrast with our assignments of 6 ϭ1274 cm Ϫ1 and 5 ϭ1406 cm
. Our assignment of the 6 frequency seems to be more in line with the CASSCF ab initio frequencies ͑Table V͒ which are consistently 7%-11% higher than experiment for the X state. Overall we find a more consistent match of the simulated and experimental PFY spectrum with our assignments. Note that not all of the experimental peaks listed in Table I Fig. 2͑b͒ with the simulation in Fig. 2͑a͒ and the LIF spectrum 15 shows mode specific competition between fluorescence and dissociation for the lower vibrational levels of the B state, with excitation of aЉ vibrational modes resulting in higher ⌽ diss than nearby levels in which only aЈ modes are excited. For example, excitation of the 11 0 2 and 10 0 2 transitions (aЉ) at excess energies of 547.7 and 873.5 cm
, respectively, results in a significantly higher ⌽ diss than the nearly isoenergetic 9 0 1 and 8 0 1 transitions (aЈ) at 449.0 and 917.6 cm
. The implications of this effect will be discussed further in Sec. V E.
The photofragment yield spectrum of CD 2 CDO in Fig.  2͑c͒ appears substantially different than that of CH 2 CHO. The differences between these spectra arise for two reasons. First, the vibrational levels in the B state are shifted to lower frequency upon deuteration; their ab initio values have been calculated by Yamaguchi. 23 Therefore, deuteration will change both the positions and the FCFs of the B( 2 AЉ)←X( 2 AЉ) absorption spectrum in CD 2 CDO. Second, the quantum yield for dissociation as a function of photon energy is different than that of CH 2 CHO. In particular, we cannot detect any resolved dissociation signal for photon energies less than 29 828 cm Ϫ1 , implying that the dissociation rate at low excess energies is slower than that for CH 2 CHO. However, the intense cluster of six peaks around 29 975 cm Ϫ1 implies a substantial increase in the dissociation rate Ϸ1100 cm Ϫ1 above the origin level. This energy is similar in magnitude to the energy at which fluorescence is quenched and the photofragment angular distributions become anisotropic in CH 2 CHO. Due to the lack of structure in the first 1000 cm Ϫ1 of the PFY spectrum of CD 2 CDO, we have not attempted to assign the vibrational modes in this spectrum. The data from a full LIF spectrum of the deuterated species would make assignments more tractable.
B. Monte Carlo forward convolution for CD 2 CDO TOF distributions
The noncoincidence TOF distributions in Fig. 6 are due to all the fragments produced in the dissociation of the vinoxy radical. A direct inversion of this data to give the translational energy and angular distributions for all product channels is clearly not feasible. However, because the energy and angular distributions of Channel 1 ͑CD 3 ϩCO͒ have already been determined, any new features in the observed noncoincidence TOF distributions must be due to a second product channel. We can extract information on the dynamics of this channel by employing a forward convolution technique to simulate the experimental TOF data. In this analysis, a set of product channels, each with its own P(E T ) distribution and anisotropy parameter ␤, serves as inputs to a Monte Carlo forward convolution program 29 which generates the 1-D TOF distributions that would be observed in our experiment based on the apparatus geometry and finite spatial acceptance of the detector. By comparing the predicted TOF distributions with the experimental distributions, the initial estimate for channels other than CD 3 ϩCO can be refined as needed until the simulated and observed TOF distributions agree.
For Channel 1, the P(E T ) distributions in Fig. 5 are used, and ␤ϭ0.4 is taken as the energy-independent value of the anisotropy parameter; this is the average value of ␤ at the excitation energies where TOF measurements were taken. The contribution of CD 3 and CO to the total TOF is shown in Fig. 7͑a͒ . The remaining features in the TOF data are the narrow spike in the middle of the distribution and the broad wings at the edges of the spectrum. Only Channels 2 and 3, CD 2 COϩD and DCCOϩD 2 , are consistent with these features. The thermodynamics for the two channels differ by only 0.06 eV, 11, 26, 27 making them both energetically feasible. However, the kinematics are quite different; if D 2 ϩDCCO is assumed to be the sole heavy-light channel, the P(E T ) distributions required to simulate the broad wings extend beyond the maximum E T allowed by thermodynamics. Moreover, the DϩCD 2 CO channel results from simple bond fission and should have at most a small exit barrier ͑Ͻ0.3 eV͒, while elimination of D 2 would pass through a more strained four-center transition state, causing a substantial barrier on the potential energy surface. Therefore, elimination of D 2 should be kinetically disfavored compared to simple bond fission, and we propose that Channel 2 is the only channel other than Channel 1 contributing to the TOF distributions.
Because we expect a rather small exit barrier for Channel 2, a plausible initial estimate for the P(E T ) distribution is a prior distribution, 51 i.e., the approximate distribution expected for statistical dissociation with no barrier, shown in Fig. 7͑c͒ ͑dashed line͒. However, the experiment is most sensitive to translational energies E T Ͼ0.5 eV, and agreement with the data is much better with a slower fall-off at higher E T shown by the solid line in this figure. We find that ␤ϭ0.25 gives the best overall fit using this P(E T ) distribution; larger values of ␤ cannot fit data from both polarizations simultaneously. An additional parameter in the simulations is the detection efficiency of D atoms. This should be independent of the photon energy or polarization, and only values in the range of Ϸ8% efficiency can simultaneously reproduce the data at all four photon energies and both laser polarizations.
The resulting overall fits including the contributions for Channels 1 and 2 are shown as solid lines in Figs. 6 and 7͑a͒ and are in good agreement with the data. The P(E T ) distri-butions for Channel 2 at all measured photon energies are similar to the distribution in Fig. 7͑c͒ , peaking close to zero and with a maximum E T of around 1.3 eV. This approximate independence from the photon energy was also seen in Channel 1.
The branching ratio of Channels 2 to 1 derived from the simulation of the TOF distributions is 4:1, with negligible dependence on the photon energy. However, because of the insensitivity of the simulation to low translational energies for Channel 2, we estimate that the true branching ratio could range from 2:1 to 6:1. In any event, we believe that CD 2 COϩD is the major product channel at all photon energies studied.
V. DISCUSSION
A. Implications of the experimental data
The most important experimental results are as follows. ͑1͒ The photofragment yield spectrum shows that CH 2 CHO predissociates across the entire B( 2 AЉ)←X( 2 AЉ) band. Predissociation and fluorescence are competing processes, with predissociation dominating at energies Ͼ1400 cm Ϫ1 above the B state origin. ͑2͒ Below 1400 cm
Ϫ1
, there is some mode specificity in the competition between fluorescence and dissociation, with vibrational levels in which aЉ modes are excited dissociating more rapidly than nearby aЈ levels. ͑3͒ The CH 3 ϩCO photofragment angular distribution is isotropic at low energies but becomes anisotropic with ␤(E T )Ͼ0 above 1400 cm
. ͑4͒ The photofragment translational energy distributions P(E T ) are relatively independent of excitation energy for Channels 1 and 2, and peak at energies well below the maximum allowed by energy conservation.
The last observation is the most important as it implies that dissociation does not occur by coupling of the B state to a repulsive surface correlating directly to products. Dynamics occurring on a repulsive excited state typically deposit a large fraction of the available energy into relative translation of the fragments, and one expects the P(E T ) distributions to shift towards higher E T as the excitation energy is increased; both of these effects were observed in photodissociation of CH 3 O, 10 for example. The P(E T ) distributions for CH 2 CHO imply a different mechanism, in which Channel 1 ͑CH 3 ϩCO͒ results from the dissociation of a strongly bound state over a substantial barrier, whereas Channel 2 ͑HϩCH 2 CO͒, for which the P(E T ) distributions peak near E T ϭ0, results from dissociation of such a state over a much smaller barrier.
In the following discussion, this mechanism is considered in more detail. We will show that the set of results obtained here is consistent with the initial electronic excitation being followed by internal conversion ͑IC͒. This process eventually populates the ground electronic state where energy randomization occurs, followed by decomposition to the two observed product channels. We first consider the asymptotic final state distributions for the two channels and the branching ratios that would be expected from such a mechanism; most of this discussion focuses on Channel 1, since considerably more detailed data are available than for Channel 2. We then consider how IC might connect the initially excited electronic state to the ground state on which dissociation occurs.
B. Dissociation mechanism and product state distributions: CH 3 ؉CO
Barrier to dissociation of Channel 1
The P(E T ) distributions for Channel 1 all peak in the range of E T ϭ0.9-1.0 eV. If this channel resulted from statistical dissociation on a surface with no exit barrier ͑i.e., no barrier with respect to products͒, one would expect a translational energy distribution described by phase space theory or a prior distribution, peaking very near E T ϭ0. This clearly disagrees with our experimental evidence. On the other hand, the distributions for Channel 1 are consistent with statistical dissociation over an exit channel barrier. Such a process is statistical in the sense that energy randomization occurs prior to dissociation, but passage over the barrier results in rapid release of energy which is not statistically distributed among the product degrees of freedom. Instead, a substantial fraction of the barrier height is converted to fragment translation, resulting in a P(E T ) distribution peaking at 40%-80% of the barrier height. 52 Therefore, our experimental P(E T ) distributions for Channel 1 imply a barrier with respect to products of between 1.1 and 2.2 eV in the CH 3 ϩCO exit channel. The nature of this barrier can be inferred from our ab initio calculations. Figure 8 shows that the reaction coordinate to Channel 1 on the ground state surface involves passage over two barriers: TS1, the barrier to isomerization ͑via a 1,2 hydrogen shift͒ between CH 2 CHO and the acetyl radical, CH 3 CO, and TS3, the barrier to elimination of CO from CH 3 CO. TS1 is the higher energy transition state and is found to be a nearly planar CH 2 CO moiety with the out-ofplane migrating H atom shared between the two carbon atoms. This isomerization is reasonably facile because the aЉ unpaired electron on the methylene carbon in the X state is available for bonding with the migrating H atom.
The calculated energies of TS1 and TS3 are 1.74 and 0.40 eV, respectively, above the CH 3 ϩCO products. The latter value agrees with the experimentally determined exit barrier to CH 3 CO dissociation, 0.36 eV, 44, 45 but is too low to account for our P(E T ) distributions for CH 2 CHO dissociation. On the other hand, the calculated barrier height for TS1 is in the range expected based on the P(E T ) distributions. The simplest mechanism consistent with our data and the PES is that after traversing TS1, dissociation occurs so rapidly that the small barrier TS3 does not trap the radicals in the CH 3 CO well, nor does TS3 control the final product states. Therefore, we can envision, for the purpose of understanding the product state distributions, a simplified PES with only a single barrier ͑TS1͒ between CH 2 CHO X( 2 AЉ) and CH 3 ϩCO. This hypothesis can be tested by comparing the P(E T ) distributions we observe ͑Fig. 4͒ against the predictions of photodissociation dynamics models ͑see Sec. V B 2͒.
As an aside, we note that if CH 2 CHO Ã( 2 AЈ) were formed by IC, the 1,2 hydrogen shift would be much less favorable because the there is a CvC double bond in this state. 21, 24 Forming the transition state analogous to TS1 therefore requires significant torsional distortion of the CvC double bond to a nonplanar geometry, in addition to the strain energy associated with the tight transition state, resulting in a high energy transition state. It therefore unlikely that CH 3 ϩCO production is feasible on the Ã surface.
Statistical adiabatic impulsive model
In this section, we present a simple model to describe the dissociation dynamics of a molecule undergoing statistical decomposition over a barrier. Simple models predicting the P(E T ) distribution for molecular photodissociation can be divided into two categories. Statistical models predict the P(E T ) distribution for unimolecular dissociations through a loose transition state ͑TS͒. Examples include prior distributions, 51 phase space theory, 53 separate statistical ensembles method, 54 and the statistical adiabatic channel model. 55 Sudden approximation models, such as FranckCondon ͑FC͒ mapping 56 and the impulsive model, 57 are more suitable for predicting the P(E T ) distribution for direct dissociation on a repulsive potential or over a barrier associated with a tight TS.
For excitation energies in proximity to the barrier height, the repulsive nature of the potential dominates the dissociation process, and the sudden approximation can often predict the product state distributions. However, for excitation energy in significant excess of the barrier height, which we believe is the case for Channel 1, a more general approach is required combining both statistical and sudden models. As an example of such an approach, North et al. 58 have developed the barrier impulsive model which predicts the average energy in product translation, rotation, and vibration for dissociation over a potential barrier. We have developed a qualitatively similar approach, the statistical adiabatic impulsive ͑SAI͒ model, in order to predict the P(E T ) distributions for Channel 1. The SAI model is described briefly here and will be presented in more detail elsewhere. 59 As shown in Fig. 9͑a͒ , the total energy available to the products ͑E avail ϭhϪD 0 ͒ is divided into two separate energy reservoirs: a statistical reservoir ͑the energy from the TS up to the total available energy, i.e., E stat ϭE avail ϪE TS ͒ and an impulsive reservoir ͑the energy of the TS relative to the ground state energy of the products, i.e., E imp ϭE TS ͒. The energy of the TS, E TS , corresponds to the zero-point level of TS1 with respect to the CH 3 ϩCO products. The SAI model requires knowledge of the TS geometry, frequencies, and normal modes, which in the present case are taken from our ab initio calculations.
We assume that energy is randomized among all vibrational modes at the transition state ͑i.e., the top of the barrier͒. For the statistical reservoir, each vibrational mode at the transition state is correlated 58 with a particular product vibrational (V), rotational (R), or translational (T) degree of freedom. For example, in the CH 2 CHO system at TS1, two skeletal bending modes correlate with product R, and two stretching modes and the reaction coordinate correlate with product T. The remaining seven vibrational modes at the TS are the only modes that asymptotically correlate with product V. These designations are given next to vibrational frequencies for TS1 in Table IV . Next we make the assumption that beyond the TS the internal motions evolve adiabatically to products. This assumption seems justified because the fragments will separate rapidly after traversing the transition state region. Hence, for each possible vibrational state at the TS, the quantum numbers in each mode are preserved throughout the dissociation. The vibrational energy deficit or surplus for each state is assumed to flow freely between V and T degrees of freedom, while energy at the TS in the two skeletal bends goes entirely into product R. This yields the internal energy P stat (E int Ј ) distribution for the statistical reservoir. The product state distribution of the fragments from this reservoir is not strictly statistical in the sense of a prior or PST distribution, in which the energy is randomized among fragment states. Rather, energy is statistically distributed at the tight TS and evolves adiabatically to the products.
The impulsive reservoir's contribution to the product energy distributions is determined by the TS geometry. For this reservoir, the vibrational energy distribution of the products is determined by Franck-Condon projection of the zeropoint TS wave function on to the asymptotic product wave functions. For each final vibrational state, the remaining energy in the impulsive reservoir is partitioned between translation and rotation using a rigid impulsive model based on the TS geometry. The P imp (E int Љ ) distribution for the impulsive reservoir is the sum of the impulsive model result for each combination of vibrational product states, weighted by their FC projection factors. For vinoxy dissociation through TS1, approximately 55% of the exit barrier height evolves into E T . The P imp (E int Љ ) distribution is independent of excitation energy, as the energy of this reservoir remains constant. This provides an explanation for the maximum intensity at Ϸ0.9 eV in the experimental P(E T ) distributions and its relative independence on excitation energy.
Finally, the overall P(E int ͒ distribution is created by a convoluting the statistical and impulsive distributions
͑11͒
The translational energy distribution P(E T ) is then obtained by plotting P(E int ͒ vs E T ϭE avail ϪE int . We emphasize that the SAI model contains no adjustable parameters and conserves energy in each separate reservoir and therefore for the overall process.
The predictions of the SAI model and experimental P(E T ) distributions are shown in Fig. 9͑b͒ for three excitation energies. The reasonable agreement between the model and the data lends credence to the idea that the P(E T ) distributions for Channel 1 are determined largely by the height and geometry of the vinoxy/acetyl isomerization barrier.
Comparison with CH 3 CO decomposition
In experiments related to the vinoxy system, several groups have examined the fragmentation of the acetyl radical, CH 3 CO→CH 3 ϩCO. In these experiments, CH 3 CO is not laser-excited to a state of specific energy, as in the present work on CH 2 CHO, but is instead prepared with a distribution of internal energies by either ͑i͒ photodissociation of acetyl halides CH 3 COX ͑XϭCl, 45, 60 Br, 60 I 61 ͒ and acetone, 58 or ͑ii͒ charge neutralization of the acetyl cation, CH 3 CO ϩ . 62, 63 In the photodissociation experiments, CH 3 CO is formed with average internal energy ͗E int ͘ϭ0.8, 1.3, 1.5, or 1.7 eV, depending on the photon energy and the identity of the primary photofragment ͑Cl, Br, I, or CH 3 ͒. In all cases the P(E T ) distributions for CH 3 ϩCO peak at 0.22-0.3 eV. These experiments offer convincing evidence that the translational energy distributions are determined by the 0.36 eV exit barrier ͑TS3͒ and depend only weakly on ͗E int ͘. In addition, the significant differences in the P(E T ) distributions in these experiments compared to ours supports our hypothesis that the dissociation dynamics of CH 2 CHO→CH 3 ϩCO are not determined by TS3, but rather by TS1.
In the second set of experiments, Körnig et al. 62 and Hop and Holmes 63 have studied the dissociation of CH 3 CO produced by charge neutralization of CH 3 CO ϩ with Na, K, or Cs atoms. The work by Körnig et al. is particularly relevant to our results, as they measured the translational energy release of the dissociation to CH 3 ϩCO in a fast beam dissociation experiment similar to ours. They estimate that excited acetyl is created with ͗E int ͘Ϸ1.9, 2.7, or 3.1 eV of internal energy, when formed by the three alkali atoms, respectively. Their P(E T ) distributions depend little on the alkali atom used, and are remarkably similar to our distributions in Fig. 4 , peaking at 0.8 eV. However, since CH 3 CO ϩ has a linear 64 CCO backbone, whereas neutral CH 3 CO X( 2 AЈ) has Є͑CCO͒ϭ127°, the Franck-Condon overlap of the ion with the acetyl ground state is expected to be poor. Nimlos et al. 39 predict that an excited state of acetyl, the linear CH 3 CO Ã( 2 AЉ) state, lies Ϸ1.3 eV above the ground state. We therefore surmise that in charge neutralization experiments, CH 3 CO is formed in the excited Ã state, due to better FC overlap with the linear cation. Furthermore, the P(E T ) distributions of Körnig are not consistent with the work described above by North 45, 58, 60 and Kroger, 61 in which dissociation definitely occurs on the ground state PES. Therefore, we can only conclude that the dissociation to CH 3 ϩCO studied by Körnig either occurs on an excited state surface, or that they grossly underestimate the value of ͗E int ͘ of the acetyl radicals. In either case, the resemblance of their P(E T ) distributions to ours seems to be purely coincidental.
C. Dissociation mechanism and product state distributions: H؉CH 2 CO
The P(E T ) distributions for Channel 2 peak near E T ϭ0. Using the same arguments as in Sec. V B 1, this channel likely results from statistical dissociation over at most a small exit barrier along the reaction coordinate. From Fig. 8 , we can determine if such a mechanism is plausible. There are three possible routes to HϩCH 2 CO. The first two possibilities are direct C-H bond fission from CH 2 CHO X( 2 AЉ) or CH 2 CHO Ã( 2 AЈ) as shown on the left side of Fig. 8 . The third route is direct C-H bond fission from the isomerization product CH 3 CO, shown on the right side of Fig. 8 .
All three routes have barriers with respect to products, because the reverse reaction of H ( 2 S)ϩCH 2 CO X( 1 A 1 ) involves a radical reacting with a closed-shell molecule. TS2, the barrier to C-H bond fission from CH 3 CO, lies only 0.24 eV above the product asymptote. However, TS2 lies 2.05 eV above the CH 3 CO minimum, whereas the barrier to C-C bond fission, TS3, lies only 0.75 eV above CH 3 CO. Once isomerization to CH 3 CO occurs, Channel 1 should therefore be strongly favored over Channel 2. However, we observe that the Channel 2: Channel 1 branching ratio is approximately 4:1. It is therefore unlikely that passage over TS2 contributes significantly to Channel 2.
CH Benson. 66 TS5 lies considerably lower in energy than TS4 with respect to the HϩCH 2 CO products, and the P(E T ) distributions for Channel 2 are more consistent with dissociation on the ground state surface over TS5.
D. Product branching ratio
In this section we consider the relationship between the product branching ratio and the proposed mechanism for Channels 1 and 2. TS5, the barrier along the most likely reaction path for Channel 2, lies slightly lower in energy ͑1.63 eV͒ with respect to the CH 2 CHO X( 2 AЉ) minimum than TS1, the isomerization barrier ͑1.78 eV͒. In addition, TS5 is a ''looser'' transition state than TS1, since it involves bond fission rather than rearrangement. One would therefore expect statistical dissociation on the ground state to favor Channel 2, in agreement with the experimental results that show this channel to be favored by about 4:1.
To Based on the discussion in Sec. V B, isomerization should be the rate-limiting step for Channel 1, so the branching ratio can be computed from these two elementary reactions alone. The ratio k 2 /k 1 is Ϸ4:1, a value which matches the experimental branching ratio. Although this excellent agreement may be fortuitous, it further supports our proposed mechanism in which Channels 1 and 2 result from dissociation of CH 2 CHO on its ground state potential energy surface, with the dynamics and branching ratio largely determined by the transition states TS1 and TS5, for isomerization and C-H bond fission, respectively.
E. Internal conversion
The preceding discussion strongly indicates that Channels 1 and 2 result from dissociation on the ground state potential energy surface, but has not considered how electronic excitation of the B state is converted to vibrational excitation of the X state. There are two likely pathways for this internal conversion process. 18 and Rohlfing 67 have measured fluorescence lifetimes on the order of 100 ns for several vibrational levels of the B state with less than 1400 cm Ϫ1 excess energy. These values are entirely consistent with the photofragment angular distributions for Channel 1 in this energy range, all of which are isotropic, indicating that the excited radical lives for many rotational periods before dissociation occurs. The nonradiative rates in this energy range must be comparable to the fluorescence rates since fluorescence and dissociation are competitive. Given that the RRKM rate constants ͑Table VI͒ are at least 10 11 s
Ϫ1
, it is clear that nonradiative relaxation is the rate-limiting step for dissociation below 1400 cm Ϫ1 . However, above 1400 cm Ϫ1 , the fluorescence yield drops abruptly 14, 15 and the photofragment angular distributions become anisotropic. This indicates a rapid increase in the nonradiative rate. We can quantify this increase by recognizing that the anisotropic angular distributions above 1400 cm Ϫ1 imply a lifetime of the excited radical with respect to dissociation of less than a rotational period. The appropriate rotational constant for calculating the rotational period of this nearly prolate symmetric top is (BϩC)/2ϭ0.35 cm
; using Jϭ10 (Kϭ0) as an average value, the rotational period about the b and c axes is approximately 5 ps. In order for dissociation to occur on this time scale, the overall internal conversion process populating the ground state must be at least this fast, so its rate must increase by about 4 orders of magnitude in a relatively narrow interval around 1400 cm Ϫ1 excess energy. Based on Fermi's golden rule, one would expect the internal conversion rate from the initially excited levels of the B( 2 AЉ) state to highly excited levels of the X( 2 AЉ) state to increase with excess energy in the B state. 68 However, it is unlikely that this effect alone could produce the abrupt increase in the internal conversion rate implied by the experiments. The abrupt drop in fluorescence quantum yield is similar to benzene, where the fluorescence quantum yield of the S 1 ( 1 B 2u ) state drops considerably at excess energies above 3000 cm
. 69 The mechanism of the nonradiative process responsible for this effect, known as ''channel three,'' is still under discussion, but there appears to be a consensus that it is due to a combination of intramolecular vibrational redistribution ͑IVR͒ to dark levels of the S 1 state followed by S 1 →S 0 internal conversion, with the onset of fast IVR coinciding with the drop in fluorescence quantum yield. [70] [71] [72] While such a mechanism might explain the fluorescence cutoff in vinoxy, it does not explain the enhanced dissociation rate, because there is no reason to believe that the relaxed levels of the B state populated by IVR should be so much more strongly coupled to the X state than the originally populated state.
An alternative explanation for the abrupt fluorescence cutoff and increased dissociation rate is the possibility of a curve crossing between the B state and another low-lying state at an excess energy in the range of 1400 cm . The calculations by Yamaguchi 24 predict that the energy of the Ã state rises by about 2.2 eV if the vinoxy radical is twisted by 90°about the C-C bond due to the double-bonded character of the C-C bond in the Ã state, whereas the energies of the B and Ã states are relatively insensitive to torsional distortion. The net result is that the B and Ã states become nearly degenerate at a dihedral angle of 90°, suggesting that a low energy crossing may occur. This calculation also predicts that the C ( 2 AЈ) state, which lies 1.1 eV above the B state in the planar geometry, drops in energy as the radical as twisted and becomes nearly degenerate with the B state. Thus low energy curve crossings with either the Ã or C states appear to be feasible.
The possible role of the Ã or C states is indirectly supported by the mode-specific effects seen below 1400 cm Ϫ1 where fluorescence and dissociation compete. As pointed out in Sec. IV A, excitation of aЉ vibrational modes in the B state enhances the dissociation yield compared to nearby levels in which only aЈ modes are excited. This observation is consistent with a radiationless transition through vibronic coupling between the B( 2 AЉ) state and an electronic state of AЈ symmetry, 68, 73 with the Ã( 2 AЈ) or C( 2 AЈ) states as the most likely candidates.
The above arguments support the idea that nonradiative relaxation process above 1400 cm Ϫ1 involves coupling between the B state and either the Ã or C states, rather than direct coupling with the X state. However, dissociation does appear to occur on the ground state surface, so energy flow from the Ã or C state to the X state must quite rapid for this mechanism to be valid. The B→Ã radiationless transition will result in highly excited species with substantial energy in the torsional vibration, whereas the transition to the C state will produce radicals with relatively little vibrational energy. The B→Ã state is therefore more favorable based on the higher density of vibrational levels in the Ã state compared to the C state. In addition, since internal conversion rates generally increase with vibrational excitation in the initial state, 73 it seems a transition to the Ã state is more likely to result in subsequent rapid internal conversion to the X state than a transition to the C state. Thus the overall internal conversion scheme most consistent with the experimental results and ab initio calculations is a two-step mechanism, B( 2 AЉ)→Ã( 2 AЈ)→X( 2 AЉ), with the first step being ratelimiting below 1400 cm Ϫ1 excess energy.
VI. CONCLUSIONS
The spectroscopy and dissociation dynamics of the vinoxy radical presented in this paper have been obtained under well-defined experimental conditions. Internally cold radicals are laser excited to exact total energies and the nascent photofragments are probed as a function of photon energy, product channel, translational energy, and angular distribution. In concert with ab initio electronic structure calculations presented in this paper, we have explored the critical configurations on the potential energy surfaces, and presented a simple dissociation mechanism which is consistent with all the experimental and theoretical results. After initial excitation via the B( 2 AЉ)←X( 2 AЉ) transition, all observed vibrational levels of CH 2 CHO predissociate. We assign transitions in the photofragment yield spectrum to eight vibrational progressions, two involving nontotally symmetric vibrational modes. At lower photon energies, the rate of nonradiative decay is mode specific, depending strongly on the symmetry of the vibrational mode excited in the B state. The photofragment energy and angular distributions indicate that dissociation occurs by internal conversions to the ground state potential energy surface upon which dissociation proceeds to HϩCH 2 CO and CH 3 ϩCO with a branching ratio of roughly 4:1. The dramatic increase in the dissociation rate above 1400 cm Ϫ1 suggests a curve crossing of the B state with the Ã or C states, followed by rapid internal conversion to the ground potential energy surface.
For the CH 3 ϩCO channel, we show that the translational energy distribution of the fragments is determined by the CH 2 CHO→CH 3 CO isomerization barrier on the ground state potential energy surface. For this system, in which both the exit barrier height and the excess energy at the transition state are substantial. We have therefore developed the statistical adiabatic impulsive model, 59 which successfully predicts the observed P(E T ) distributions with no adjustable parameters. Our results for this channel are discussed in light of previous investigations of unimolecular decomposition of the acetyl radical.
The hydrogen atom loss channel is probed by the timeof-flight distributions arising from CD 2 CDO photodissociation. Although our information on this product channel is more limited, we find the simplest explanation consistent with our results is direct dissociation from vinoxy over a small barrier. This barrier is formed by an avoided crossing between the CH 2 CHO X( 2 AЉ) state, which correlates for planar geometries with HϩCH 2 CO ã( 3 AЉ), and the CH 2 CHO Ã( 2 AЈ) state, which correlates with HϩCH 2 CO X( 1 A 1 ). Together with detailed previous results of traditional optical spectroscopy, the present work on photodissociation of vinoxy sheds new light on the electronic states and dynamics of this prototypical alkenoxy free radical.
